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ABSTRACT
Owing to its massive, dense core, Terzan 5 has the richest population of millisecond pulsars known
among Galactic globular clusters. Here we report new deep 2 − 8GHz radio continuum observations
of Terzan 5 obtained with the Karl G. Jansky Very Large Array. We have identified a total of 24
sources within the cluster half-light radius, including 17 within the core radius. 19 are associated with
previously studied millisecond pulsars and X-ray binaries. Three of the new radio sources have steep
radio spectra and are located within the cluster core, as expected for millisecond pulsars. These three
sources have hard X-ray photon indices (Γ = 1.3− 1.5) and highly variable X-ray emission, suggesting
they are binary millisecond pulsars belonging to the spider class. For the most X-ray luminous of these
sources, the redback spider classification is confirmed by its X-ray light curve, which shows an orbital
period of 12.32 hr and double peaked structure around X-ray maximum. The likely discovery of bright
binary millisecond pulsars in a well-studied cluster like Terzan 5 highlights how deep radio continuum
imaging can complement pulsar search and timing observations in finding probable eclipsing systems.
The other new radio source in the core has a flat radio spectrum and is X-ray faint (LX ≈ 2 × 1031
erg s−1) with a photon index Γ = 2.1 ± 0.5, consistent with the properties expected for a quiescent
stellar-mass black hole X-ray binary.
Keywords: Millisecond puslars — Globular star clusters — Radio continuum emission — Surveys —
Catalogs
1. INTRODUCTION
Millisecond pulsars (MSPs) are old neutron stars that
have been spun up and recycled by accreting from low-
mass companions (Bhattacharya & van den Heuvel 1991;
Lorimer 2008). They are the products of the evolution
of low-mass X-ray binaries (LMXBs), in which mass and
angular momentum are transferred to the neutron star,
spinning it up to short spin periods, . 30ms. Most
Corresponding author: R. Urquhart
urquha20@msu.edu
MSPs are highly stable and hence exceptionally precise
clocks, making them excellent laboratories for tests of
general relativity and fundamental physics (e.g., Ran-
som et al. 2014; Cromartie et al. 2020). They are also
unique tracers of stellar dynamical processes that ef-
ficiently generate compact binaries, possibly including
neutron star–neutron star or neutron star–black hole bi-
naries (e.g., Clausen et al. 2013; Ye et al. 2020).
Old, dense stellar environments, like globular clusters,
are ideal factories for producing such exotic sources. The
high interaction rates give rise to enhanced formation of
binary systems, a factor of ∼ 100 greater per unit mass
than in the field (Katz 1975; Verbunt & Hut 1987). The
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Galactic globular cluster Terzan 5 is an exemplary target
for pulsar searches. It has the highest number of con-
firmed MSPs of any cluster (Prager et al. 2017), with
many more theorized to remain undetected (Fruchter &
Goss 2000; Bagchi et al. 2011). Terzan 5 is a massive
cluster (∼ 106 M; Lanzoni et al. 2010; Prager et al.
2017; Baumgardt & Hilker 2018) that resides within
the Galactic bulge/bar, at a distance of 5.9 ± 0.5 kpc
(Valenti et al. 2007). It has core and half light radii of
9.′′6 and 43.′′6, respectively, and a central mass density of
(1−4)×106 M pc−3 (Lanzoni et al. 2010; Prager et al.
2017; Baumgardt & Hilker 2018). Due to this high den-
sity, Terzan 5 has the highest stellar interaction rate of
any Galactic globular cluster (Bahramian et al. 2013).
This in turn is responsible for the high number of MSPs,
and the large population of X-ray sources (Heinke et al.
2006).
Previous radio observations of Terzan 5 have focused
on using single-dish radio timing surveys that search for
pulsed radio emission (e.g., Lyne et al. 1990, 2000; Ran-
som et al. 2005; Andersen & Ransom 2018; Cadelano
et al. 2018). These campaigns have been highly suc-
cessful, identifying a total of 38 MSPs residing within
Terzan 5.
However, this method may fail to detect pulsars in
the tightest binaries, which have rapidly varying accel-
eration (e.g., Ransom et al. 2003). Importantly, these
tight binary pulsars could be some of the most interest-
ing systems, because some might be compact neutron
star–neutron star or neutron star–black hole systems.
Other sources that can be missed by standard single-
dish surveys are pulsars with close, non-degenerate com-
panions. In these systems, a hydrogen-rich companion
star is ablated by the pulsar wind. These “spider” sys-
tems, named for the cannibalistic nature of the primary,
can be broken down into further subclasses based on
the mass of the companion; “redbacks” have secondaries
with masses 0.1–0.5M (e.g., Archibald et al. 2010;
Roberts 2013; Gentile et al. 2014; Strader et al. 2019),
while “black widows” have much less massive compan-
ions ( 0.1 M; e.g., Fruchter et al. 1988; Lyne et al.
1990; Ferraro et al. 2001). Redbacks and black widows
often show evidence of periodic radio and X-ray vari-
ability or eclipses. The radio eclipses are a result of ob-
scuration of the radio pulsar by ionized gas that extends
beyond the companion star’s Roche lobe (Fruchter et al.
1988). The continuum radio signal is diminished due to
absorption, while scattering or dispersion makes the ra-
dio pulses challenging to detect (e.g., Fruchter & Goss
1992; Thompson et al. 1994; Polzin et al. 2018, 2020).
Some pulsars can even be completely obscured (e.g.,
Camilo et al. 2000; Zhao et al. 2020), with the radio
eclipse sometimes lasting the full orbit (Tavani 1991).
The X-ray emission in these binaries is thought to origi-
nate from an intrabinary shock, and to vary throughout
the orbit due to beaming and partial eclipses as well as
stochastic fluctuations (see e.g., Al Noori et al. 2018;
Wadiasingh et al. 2018; Kandel et al. 2019).
Currently, there are over 30 known redbacks/black
widows in Galactic globular clusters1. A globular clus-
ter redback (IGR J18245–2452/M28I) is one of only
three confirmed transitional millisecond pulsars, sys-
tems observed to switch between a rotation-powered and
accretion-powered state (Papitto et al. 2013).
Detecting the time-integrated radio continuum emis-
sion in high-resolution imaging data avoids most of
these biases against detecting pulsars in close binaries.
Previous continuum surveys have successfully detected
sources which turned out to be new pulsars when ob-
served with single-dish telescopes (e.g., Frail et al. 2018;
Maan et al. 2018; Zhao et al. 2020). Similarly, the
first candidate globular cluster pulsar was detected via
a radio continuum survey with the Very Large Array
(Hamilton et al. 1985) and later confirmed with an ob-
servation at the Lovell radio telescope (Lyne et al. 1987).
Existing radio continuum observations of Terzan 5
were able to identify several bright, isolated MSPs
(Fruchter & Goss 1990, 2000). However, these observa-
tions were limited by their resolution; Fruchter & Goss
(2000) reported a ∼ 2mJy diffuse steep-spectrum com-
ponent located within the core, which was attributed to
a population of unresolved pulsars. Likewise, imaging
surveys with both the NVSS (at 21 cm; Condon et al.
1998) and Effelsberg (11 and 21 cm; Clapson et al. 2011)
find evidence of extended emission. Clearly Terzan 5 is
a prime target for deep, high-resolution continuum ob-
servations, to determine whether the MSPs discovered
from timing observations can account for all of this radio
flux, or whether other sources are present.
Radio imaging data is also sensitive to compact bi-
naries other than pulsars, including low-mass X-ray bi-
naries that can produce compact jets. Three neutron
star low-mass X-ray binaries in Terzan 5 are known (see
discussion in Bahramian et al. 2014). Accreting stellar-
mass black holes, if present, would also produce observ-
able compact radio jets. It was long argued that most,
if not all, stellar-mass black holes had been ejected from
present-day globular clusters due to gravitational inter-
actions (Kulkarni et al. 1993; Sigurdsson & Hernquist
1993). But recently, evidence has been mounting—both
observationally (Maccarone et al. 2007; Strader et al.
1 http://www.naic.edu/ pfreire/GCpsr.html
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Figure 1. VLA 3.4GHz image centered on Terzan 5, with a field of view of 7.5′ × 7.5′. Green squares represent the positions
of continuum radio sources, numbered in accordance with Table 2. Magenta squares represent the positions of new continuum
radio sources within the half-light radius. Sources within the dense inner region of Terzan 5 are not numbered for clarity, though
are labeled in the subsequent Figures 2 and 3. The dashed grey box indicates the area of the zoomed-in Figures 2, 3, and 4.
Concentric red circles represent the core (inner) and half-light (middle) radii and the limit of our search radius (outer). The
background radio galaxy excised from our sample is highlighted with the cyan ellipse. A total of 43 radio continuum sources
were identified in at least one image.
2012; Chomiuk et al. 2013; Miller-Jones et al. 2015;
Giesers et al. 2018; Shishkovsky et al. 2018; Dage et al.
2019; Giesers et al. 2019) and theoretically (Sippel &
Hurley 2013; Morscher et al. 2015; Peuten et al. 2016;
Weatherford et al. 2018)—that a significant population
of black holes formed and remains within clusters. The
abundance of black holes in present-day globular clusters
places important constraints on the formation of grav-
itational wave sources and on the long-term dynamical
evolution of clusters themselves (e.g., Rodriguez et al.
2016; Kremer et al. 2019).
Here we present a deep radio survey of Terzan 5 with
the Karl G. Jansky Very Large Array (VLA) at frequen-
cies 2–8 GHz. In Section 2 we outline our data analysis
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process. In Section 3 we detail our findings, comparing
our population of radio sources to previous work, and
discuss new candidate MSPs and a candidate black hole
X-ray binary. We summarize our results in Section 4.
2. DATA ANALYSIS
2.1. Radio observations
In 2012, we observed Terzan 5 with the VLA as
part of program VLA/12B-073 (PI J. Strader) and the
MAVERIC survey, a project designed to study radio
sources in globular clusters (Shishkovsky et al. 2020, in
prep.; Tudor et al. 2020, in prep.). Unlike all other
clusters in that survey, which were only observed at C
band (4–8 GHz) for maximal sensitivity to flat spectrum
sources, we split the observations of Terzan 5 between C
band and S band (2–4 GHz) because of the known large
population of millisecond pulsars.
C-band observations were taken on 2012 September
10–12, for a total observing time of 5 hours. The data
were split into two 1.024GHz basebands with 8-bit sam-
pling, centered at 5.0 and 7.4GHz. S band observations
were taken on 2012 September 13–14, again for a total
of 5 hours and similarly split into two 1.024GHz base-
bands, centered at 2.5 and 3.5GHz (after flagging, the
final central frequencies were 2.6 and 3.4 GHz). For both
C and S band observations the VLA was in the hybrid
BnA configuration, which produces B configuration-like
resolution with a more nearly circular beam for southern
sources. J1751−2524 was used as the phase calibrator,
while 3C48 and 3C286 were used as the flux/bandpass
calibrators for C band and S band, respectively.
We also used additional archival observations of
Terzan 5 taken as part of the VLA pulsar test program
TPUL001, albeit selectively. A total of 3.5 hr of S band
observations were conducted on 2014 February 14 while
the VLA was moving between the BnA and A con-
figurations. These data were split into two basebands
(each 512MHz wide) and centered at 2.7 and 3.2GHz.
3C286 was used as the flux/bandpass calibrator, while
J1751−2524 was used as the phase calibrator. We found
that the non-standard, experimental setup of these ob-
servations led to discrepancies in the flux calibration
compared with other datasets. However, they still have
the advantage of being higher resolution than the 2012
BnA S band data. Hence these 2014 data were only used
to help distinguish closely spaced or faint sources from
each other in the crowded core of the cluster; no flux
densities from these data were used.
Finally, we include additional shallower high-
frequency archival VLA observations of Terzan 5. Be-
tween 2015 March and April, a total of 2.25 hours
of X band observations of Terzan 5 were taken in or-
Table 1. Summary of VLA observations of Terzan 5.
Freq rms Beam FWHM Beam PA Obs Date
(GHz) (µJy bm−1) (′′×′′) (deg)
2.6 6.3 2.35× 2.05 4.0 2012 Sep 13–14
3.4 4.0 1.64× 1.39 84.4 2012 Sep 13–14
5.0 4.3 2.44× 0.75 46.8 2012 Sep 10–12
7.4 3.5 1.73× 0.48 48.1 2012 Sep 10–12
2.7 5.2 1.18× 0.59 6.2 2014 Feb 14
3.2 5.8 1.00× 0.50 4.6 2014 Feb 14
9.0 5.0 1.62× 0.80 -19.0 2015 Mar–Apr
11.0 5.8 1.28× 0.66 -19.2 2015 Mar–Apr
der to study the transient low-mass X-ray binary EXO
1745−248 (Project code: 14B-216; Tetarenko et al.
2016a). The VLA was in B configuration. These obser-
vations comprised of two 2.048GHz basebands with 3-
bit sampling centered on 9 and 11GHz. 3C286 was used
as both the bandpass and flux calibrator. J1751−2524
was used as the phase calibrator. For full details on the
observations, see Tetarenko et al. (2016a). All the radio
observations are listed in Table 1.
Flagging, calibration, and imaging were performed us-
ing standard tasks in the Astronomical Image Process-
ing System (AIPS; Greisen 2003). For each observation,
the basebands were imaged separately, resulting in a to-
tal of 8 images taken from 2012–2015. Each image was
corrected for the primary beam sensitivity at its central
frequency. Table 1 summarizes the properties of the fi-
nal images. The final 3.4 GHz image is shown in Figure
1, and core zoom-ins in Figures 2 and 3.
Astrometric corrections were applied to the 2012 ob-
servations. Using several, point-like background sources
at the edges of the images, we find that a slight (∼ 1◦)
rotation is required to align the 2012 images to the 2014
and 2015 images. Sources within the core are close to the
rotation point and thus not meaningfully affected, while
sources at the half-light radius (43.′′8) will be shifted by
∼ 0.′′1.
2.2. Source finding
Source finding is performed using the Python Blob De-
tection and Source Finder (PyBDSF; Mohan & Rafferty
2015) software package, version 1.9.0rc. We search all
primary-beam corrected images independently for radio
sources. The source extraction software estimates the
mean background and rms maps using a sliding box,
set to the PyBDSF default pixel dimensions and step
increment. In each image, we search within the clus-
ter half-light radius (r < 0.′73) and select sources with
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Figure 2. 0.5′ × 0.5′ zoom-in of Figure 1, focusing on the core of Terzan 5. We show the quasi-simultaneous 2012 VLA
observations: 2.6GHz top left; 3.4GHz top right; 5.0GHz bottom left; 7.0GHz bottom right. The red circle in each panel
denotes the core radius of Terzan 5. Green and magenta boxes represent known and new continuum sources, respectively. White
ellipses at the bottom left indicate the synthesized beam sizes of each image.
a signal-to-noise (S/N) ratio of > 3. Beyond the half-
light radius but within the half-power point at 6 GHz
(r = 0.′73−3.′7) we select sources with a S/N > 5, using
a higher threshold to minimize the chance of false detec-
tions over this larger region. We do not analyze sources
beyond the 50% primary beam at 6 GHz (r>3.′7), equiv-
alent to ∼ 4 half-light radii from the cluster core.
Because we are interested in unresolved stellar sources,
we measure flux densities assuming all objects are point
sources. In PyBDSF, we fit detected sources with Gaus-
sians that are fixed to the dimensions of the image syn-
thesized beam. One source that is clearly a double-lobed
AGN (RA = 17:47:59.817, Dec = −24:48:02.46, cyan el-
lipse in Figure 1) is manually removed.
As suggested by the VLA Observational Status Sum-
mary2), we use 10% of the FWHM of the synthesized
beam as a conservative estimate of the positional un-
certainties. Given the fact that previous pulsar timing
surveys have determined precise positions for many of
2 https://science.nrao.edu/facilities/vla/docs/manuals/oss/per
formance/positional-accuracy
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Figure 3. As in Figure 2, but for the 2014 and 2015 observations: 2014 2.7GHz top left; 2014 3.2GHz top right; 2015 9.0GHz
bottom left; 2015 11.0GHz bottom right. The 2014 data are used only for position information.
these radio sources (see Section 3.1), we have the fortu-
nate chance to independently test our astrometry. We
find no systematic offset between the continuum and
timed positions of the sample of high signal-to-noise and
non-blended continuum sources associated with known
pulsars. Reassuringly, there is a rms scatter of ≈ 0.′′2 in
each of R.A. and Dec, consistent with the 1σ positional
uncertainties estimated from the synthesized beam.
We cross-match sources across all images. Sources are
considered to match if the respective 3σ positional er-
ror ellipses overlap. We find a total of 43 radio sources,
with 37 of them being detected in at least two different
images. The final ICRS R.A. and Dec. of each source
are calculated using the variance-weighted mean posi-
tion and listed in Table 2. The final positional uncer-
tainties for each source come from the highest resolution
image (if the source is detected in multiple images) in
which the source is detected with confidence. The source
ID numbers given in Table 2 are used to refer to our ra-
dio continuum sources hereafter as Ter5-VLAXX (where
XX is the ID number). For each significant source listed
in the catalog, we also report corresponding upper limits
for any images in which it was not detected. These were
calculated as 3 times the local noise as measured from
the rms images.
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2.3. Radio spectral analysis
We calculate the spectral index α (defined as Sν ∝ να)
of each radio source using the 2012 quasi-simultaneous
2.6, 3.4, 5.0 and 7.4GHz flux densities. For non-
detections, 3σ upper limits are used. The 9.0 and
11.0GHz flux densities are ignored in the spectral anal-
ysis due to their non-simultaneity.
For each source, the spectral index is modeled using
the Bayesian Markov Chain Monte Carlo software JAGS
(Plummer 2012) assuming a power law model and a uni-
form prior on α between −3.5 and 3.5. The modeling
self-consistently takes into account both measurements
and upper limits. The median of the posterior distri-
bution of the spectral indices and 1σ uncertainties are
reported in Table 2. For the few sources with only a
single low-frequency measurement, a 3σ upper limit on
α is reported instead.
2.4. X-ray observations
To compare the radio to X-ray properties of these
sources, we use the catalog of Bahramian et al. (2020),
which contains a comprehensive analysis of Chandra X-
ray observations of Terzan 5 (see also Bahramian et al.
2018). A total of 18 Chandra observations were com-
bined for a maximum exposure time of ∼ 750 ks (some
sources did not fall on the chip in every observation).
The X-ray catalog contains nearly 200 sources and ex-
tends out to a projected radius of ∼ 1′, beyond the
half-light radius. The stacked Chandra/ACIS image of
Terzan 5 is shown in Figure 4.
All X-ray sources in the catalog have been fit with
an absorbed power-law model. Two absorption compo-
nents are used; the first is fixed to the cluster absorp-
tion (nH = 2.07×1022 cm2), while the second is left free
to capture the intrinsic source absorption. From this
catalog, we use the following measurements: average
0.5–10 keV unabsorbed luminosity, best-fitting power-
law photon index, and a statistic measuring the vari-
ability. 22 of our radio sources have X-ray counter-
parts, with the X-ray properties detailed in Table 3.
Sources without listed counterparts can be taken to have
LX . 1.2 × 1030 erg s−1 for the assumed power-law
model.
To ensure accurate fits for the new candidate radio
sources with X-ray counterparts (discussed in detail in
Sections 3.3 and 3.5), we take this analysis a step further
in carefully assessing the quality of the model fits and
whether additional intrinsic source absorption is neces-
sary. In all four cases (for (Ter5-VLA31, Ter5-VLA34,
Ter5-VLA38 and Ter5-VLA40) we find that an absorbed
power law provides a reasonable fit to the X-ray data
with the nH fixed to the foreground value. The X-ray
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Figure 4. Stacked Chandra/ACIS 0.5′ × 0.5′ image of the
core of Terzan 5, adaptively-smoothed with a Gaussian ker-
nel of 2 pixels for visualization purposes. Green boxes in-
dicate the positions of continuum radio sources coincident
with known pulsars; magenta boxes represent new candidate
sources (Table 2). The red circle represents the core radius.
A total of 22 radio continuum sources have matching X-ray
counterparts.
luminosities and photon indices from these new fits are
marked in Table 3.
3. RESULTS AND DISCUSSION
3.1. Cross-matching with known sources
Using deep continuum VLA observations of Terzan 5,
we have identified a total of 43 radio sources (Table 2):
17 within the core, and a further within the half-light
radius but outside of the core. We matched our catalog
with positions of the 38 known pulsars in Terzan 5 (Ran-
som et al. 2005; Hessels et al. 2006; Prager et al. 2017;
Cadelano et al. 2018, S. Ransom, in prep.). The uncer-
tainties on the pulsar positions were negligible compared
to the positional uncertainties on our continuum sources,
so if one of our radio sources was consistent with a pulsar
position within the continuum 3σ positional uncertainty,
we considered it a match.
Of our radio sources, 17 have positions that match,
within 3σ, known pulsars detected via single-dish tim-
ing studies of Terzan 5. While crowding within the core
of Terzan 5 is a potential issue, only one continuum
source (Ter5-VLA18) matches multiple pulsars (Ter5Z
and Ter5ae).
In addition, our sample also includes the outbursting
neutron star LMXB EXO 1745−248 (Tetarenko et al.
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Figure 5. Radio spectral indices as a function of angular
distance from the center of Terzan 5. Red squares repre-
sent sources coincident with known objects in Terzan 5, and
blue circles represent radio continuum sources which do not
have known associations. Open markers indicate 3σ upper
limits on the spectral index. Vertical dashed lines indicate
the core (left) and half-light (right) radii. 41 radio sources
are plotted—those with at least one flux density measured
in the quasi-simultaneous images from 2012 (Table 2). The
cluster of flatter-spectrum (−1 . α . 0) sources outside of
the half-light radius are likely background sources.
2016a) and the candidate transitional MSP Terzan 5–
CX1 (Bahramian et al. 2018), both of which reside in
the core. This leaves a total of four new sources discov-
ered within the core, one additional new source within
the half-light radius, and 19 further new sources identi-
fied beyond the half-light radius. Only a single pulsar or
LMXB in Terzan 5 is outside the half-light radius (the
pulsar Ter5J), so we expect nearly all the 19 more dis-
tant sources will be unassociated with the cluster.
To investigate this in more detail, we analyze the spa-
tial distribution and radio spectral properties of our
sources, comparing new and known sources (Figure 5).
The majority of sources within the half-light radius are
steep spectrum (α . −1) and associated with known
MSPs. In contrast, all distant sources (beyond the
half-light radius) have, on average, much flatter spec-
tra (−1 . α . 0). These sources are likely background
active galactic nuclei and we do not investigate them fur-
ther. Based on this local surface density of background
sources, we expect no (0.04±0.01) background sources
within the core of Terzan 5 and around one (0.8±0.2)
background source within the half-light radius. This
adds to our confidence that all of the core sources are
indeed Terzan 5 members, while there are likely to be
. 2 background sources within the half-light radius. In
fact, we identify a single source within the half-light ra-
101 102
2.6 GHz GBT timing flux density ( Jy)
101
102
2.
6G
Hz
 V
LA
 c
on
tin
uu
m
 fl
ux
 d
en
sit
y 
(
Jy
)
MSPs
Redbacks
Black widows
A
P
ad
O
Figure 6. VLA 2.6GHz time-integrated flux densities of
pulsars in Terzan 5 plotted against their associated pulsar
flux densities from single-dish timing analysis (Ransom et al.
2005; Hessels et al. 2006; Prager et al. 2017; Cadelano et al.
2018). Blue points represent standard MSPs discovered in
single-dish timing searches. Red and black circles repre-
sent the subset of eclipsing sources: redbacks (Ter5A, Ter5P
and Ter5ad) and black widows (Ter5O), respectively. Open
points are the MSPs not detected in our continuum images
(3σ upper limits are plotted). The dashed grey line is a
1:1 relation. Horizontal dotted lines indicate the flux den-
sities of our new candidate redback pulsars (from brightest
to faintest: #38, 40, 34 in Table 2). Generally, there is
agreement between the two kinds of measurements measure-
ments. The figure also shows that our candidate redbacks
are brighter than a significant fraction of known MSPs, high-
lighting the challenge of detecting redbacks in timing surveys.
dius that we consider likely to be a background object
(Ter5-VLA41, discussed below).
3.2. Comparing continuum searches with timed pulsar
searches
Currently, there are a total of 38 known MSPs in
Terzan 5 that have been discovered in single-dish tim-
ing analysis (Lyne et al. 1990, 2000; Ransom et al. 2005;
Andersen & Ransom 2018; Cadelano et al. 2018). We
detected 18 of these sources in our continuum data (two
pulsars, Ter5Z and Ter5ae, are both coincident with
Ter5-VLA18), leaving 20 known MSPs not identified by
our survey. In this section we compare the pulsar sample
detected with timing techniques to the sample detected
via time-integrated continuum emission.
In Figure 6 we compare the flux densities measured
with the two different techniques. The MSP timing sur-
veys, typically operating at 1.4 and 2.0GHz, report the
pulsar mean flux density derived from the radiometer
equation, scaled appropriately using a reference flux cal-
ibrator. We transform these flux densities from 2.0 to
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2.6GHz using the spectral indices derived from the flux
calibrated pulse profiles from the summed timing ob-
servations of each source. We assume uncertainties on
these flux densities of 30%. For Ter5-VLA18, which is
coincident with two pulsars, we compare the continuum
flux to the combined fluxes from the timing analysis of
Ter5Z and Ter5ae. For the redbacks (Ter5A, Ter5P and
Ter5ad), spectral indices from the timing analysis are
not available or difficult to interpret due to eclipses (e.g.,
Bilous et al. 2019), so we assume a value of α = −1.5.
We compare these values to the 2.6GHz flux densities
from our continuum data (Table 2).
For the 18 previously known MSPs detected in our
data, the ratio of the timing to continuum flux densities
is consistent with unity, with an RMS scatter of 0.2 dex
(Figure 6). Some scatter is expected beyond simple ob-
servational uncertainties due to refractive scintillation;
for Terzan 5, at 2GHz, the expected RMS variation is
25-30% (Hancock et al. 2019). For 19 of the 20 remain-
ing timed MSPs, the predicted 2.6 GHz flux densities
range from ∼ 4– 27 µJy. Since the 2.6 GHz image has
a 5σ (3σ) detection floor of > 32µJy (> 19µJy), the
non-detection of these fainter MSPs is expected.
The one exception is Ter5ad, a redback with a pre-
dicted flux density bright enough for us to have detected
it in our continuum data: its predicted flux density is
∼ 35–50 µJy at 2.6 GHz. One possibility is that it is
slightly fainter than reported in Hessels et al. (2006),
putting it below our detection threshold at 2.6 GHz.
Another possibility is that it is eclipsed for some or all
of our S band observations. Extrapolating the published
ephemerides to our 2012 epoch, an eclipse is not pre-
dicted during either of our 2.5 hr blocks; on the other
hand, redbacks can show irregular eclipses (e.g., Polzin
et al. 2020). Deeper data obtained over a larger fraction
of Ter5ad’s orbit could help distinguish between these
possibilities. The other previously known redbacks are
all detected in our data, though possibly with larger
scatter around the 1:1 flux relation, perhaps suggesting
they could be partially affected by eclipses as well.
We note that the previous VLA radio continuum
imaging of Fruchter & Goss (2000) reported the detec-
tion of five sources within the half-light radius of Terzan
5. Four of these match timed MSPs, but one does not:
the source that they call N’, which is north of the clus-
ter core, and detected only at their lowest observing fre-
quency of 330 MHz. If this source has persistent emis-
sion, its non-detection in our data suggests a steep spec-
trum of α . −2.6. New, high-resolution data at a fre-
quency below 2 GHz would be necessary to confirm the
existence and spectral properties of the source.
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Figure 7. Location of pulsars within Terzan 5. Open black
circles indicate the positions of confirmed MSPs (Ransom
et al. 2005; Hessels et al. 2006; Prager et al. 2017; Cadelano
et al. 2018). Colored symbols indicate new sources within
the half-light radius, including candidate pulsars: Ter5-
VLA34 (red square), Ter5-VLA38 (blue diamond), Ter5-
VLA40 (magenta hexagon); a stellar-mass black hole can-
didate (Ter5-VLA31; black star); and a possible background
source (Ter5-VLA41; green triangle). The core and half-light
radii are indicated by the smaller and larger concentric black
circles, respectively.
3.3. New redback pulsar candidates
In addition to detecting all of the brighter, non-
eclipsing known MSPs, we have discovered three sources
that are strong candidates as new MSPs not yet found
in timing data. These sources are marked in Figure 7
and are listed in Table 2 as Ter5-VLA34, Ter5-VLA38
and Ter5-VLA40. All three sources are located in the
mass-segregated cluster core and have associated X-ray
sources, and Ter5-VLA38 and Ter5-VLA40 have the
steep spectral indices (α < −2) characteristic of MSPs
(the situation for Ter5-VLA34 is more complicated and
discussed in detail later).
Ter5-VLA38 and Ter5-VLA40 notably have 2.6 GHz
flux densities of 36–38 µJy, brighter than more than half
the known MSPs in Terzan 5. These relatively high
flux densities mean that the sources should not to have
been missed in previous MSP searches due to low S/N
alone. Binary MSPs can also be missed if in eclipsing
systems (redbacks or black widows) or in exceptionally
accelerated binaries. We now discuss these candidates
individually and show that there is good evidence all of
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Figure 8. Broadband radio spectra for the three spider MSP
candidates. Red squares indicate the quasi-simultaneous
2012 VLA observations at frequencies 2.6, 3.2, 5.0 and
7.4GHz. Blue circles represent the 9.0 and 11.0GHz VLA
observations from 2014. Open data points indicate 3σ up-
per limits. The best-fitting spectral index (black solid line)
is calculated using only the quasi-simultaneous 2012 (red)
points. The shaded regions indicate the 1σ uncertainties on
the spectral index.
these new pulsars are redbacks or black widows: eclips-
ing MSP binaries with non-degenerate companions.
3.3.1. Terzan 5 source 38
There is compelling radio and X-ray evidence that
Ter5-VLA38 is a redback. The source is located within
the cluster core, 3.′′3 from the center. It is only detected
at low frequencies (< 4 GHz), with a steep best-fitting
radio spectral index of α = −2.7+0.7−0.5 (Figure 8). We
note that Ter5-VLA38 was also clearly detected at 3.2
GHz in 2014 (Figure 3). Ter5-VLA38 also has a co-
incident X-ray detection. When fit with an absorbed
power-law model, we find a best-fitting photon index of
Γ = 1.2 ± 0.2 and unabsorbed 0.5–10 keV luminosity,
LX = (2.4± 0.1)× 1032 erg s−1.
The X-ray source is highly variable. We test for peri-
odicity using the python package P4J’s implementation
of PDM (Stellingwerf 1978). The PDM is ideal for ir-
regularly sampled data and non-sinusoidal profiles, such
as the Terzan 5 Chandra observations used here. We
find a best-fitting period of 0.5133+0.0001−0.0003 d, at a signifi-
cance greater than 4σ (Figure 9). The phased light curve
shows a clear orbital modulation along with a striking
double-peaked maximum, very similar to that observed
in known redbacks such as PSR J2129-–0429 (Al Noori
et al. 2018). In this system the basic orbital modulation
is explained as a Doppler-boosted intrabinary shock ob-
served close to edge on. The double-peaked maximum
at its observed phase is more difficult to explain, and
could be due to an unexpectedly high momentum flux
from the companion wind causing the shock to wrap
around the pulsar (Romani & Sanchez 2016; Wadiasingh
et al. 2018). Since we have no absolute phase informa-
tion available for Ter5-VLA38 we cannot say whether
the shock in this system appears to wrap around the
pulsar or the secondary, which might be easier to ex-
plain.
In any case, Ter5-VLA38’s orbital period, X-ray light
curve, X-ray photon index and luminosity (see Figure
10 and discussion below), and radio spectral index are
all consistent with known redbacks, making it an excep-
tionally strong candidate redback MSP.
3.3.2. Terzan 5 source 40
Ter5-VLA40 is located within the core, and is detected
at both 2.6 and 3.4 GHz. Ter5-VLA40 has a steep radio
spectral index of α = −2.7+0.8−0.5, characteristic of MSPs.
Ter5-VLA40 also has an associated X-ray counterpart,
with photon index Γ = 1.3+1.0−0.7 and unabsorbed 0.5–
10 keV luminosity of LX =
(
1.5+0.9−0.4
) × 1031 erg s−1, as
well as evidence for X-ray variability (though the source
is too dim for a useful X-ray light curve). While the
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Figure 9. Top: Folded background-subtracted Chan-
dra/ACIS-S 0.3–7 keV light curve of Ter5-VLA38. The best-
fitting period is 12.32 hr. The absolute phase is arbitrar-
ily set to have X-ray maximum around φ = 0.75. Bottom:
power spectrum for the X-ray light curve of Ter5-VLA38.
The red dashed line indicates 3σ significance. The best-
fitting period 0.51 d has a significance of > 4σ. The peri-
odic X-ray emission on timescales of . 1d, along with the
“double-peaked” light curve are both consistent with Ter5-
VLA38 being a redback source.
best-fitting photon index for Ter5-VLA40 is not as well-
constrained as for Ter5-VLA38 or Ter5-VLA34 (see be-
low), it is still consistent with the properties of known
eclipsing spider MSPs.
3.3.3. Terzan 5 source 34
Ter5-VLA34 is located within the core of Terzan 5,
4.′′8 south-west of the cluster center. This source is
marginally detected in our data; it was only detected
in the 2012 observations at 3.4GHz at a S/N ≈ 4.
Nonetheless, it has an associated X-ray source, giving
confidence in the radio detection. Its radio spectral in-
dex is poorly constrained, α = −1.3+0.9−1.1 (Figure 8), mak-
ing it difficult to differentiate between a steep-spectrum
pulsar and a flatter-spectrum low-mass X-ray binary
based on radio properties alone. Its 3.4GHz flux density
is comparable to the other new MSP candidates Ter5-
VLA38 and Ter5-VLA40, so if it is an MSP as well,
the non-detection at 2.6 GHz could be due to a flatter
spectral index or to random flux uncertainties.
The X-ray properties give clues to the true nature
of the source: the counterpart is significantly variable,
with an average unabsorbed 0.5–10 keV luminosity of
(8.0± 0.8) × 1031 erg s−1 and a well-constrained pho-
ton index of Γ = 1.5+0.2−0.2 (Table 3). This X-ray lumi-
nosity would be consistent with the range of quiescent
low-mass X-ray binaries with neutron stars in globular
clusters (e.g., Heinke et al. 2003). However, no quies-
cent neutron star (with LX < 1033 erg s−1) has ever
been detected in the radio, except for the transitional
MSPs discussed below, despite deep searches (e.g., Tu-
dor et al. 2017). We also note that the photon index
is harder than the majority of quiescent accreting black
holes (Plotkin et al. 2013). Instead, Ter5-VLA34’s joint
X-ray/radio properties are most consistent with a spider
MSP, where the variable X-rays arise from an intrabi-
nary shock (Figure 10). We use a Lomb-Scargle analy-
sis to test for periodicity in the X-ray emission on the
timescale of . 1d. However, no significant periodic sig-
nal was identified. If the source is periodic, as expected
for black widows or redbacks, we currently lack sufficient
S/N for a significant detection. While the current evi-
dence suggests that Ter5-VLA34 is in fact a spider MSP
binary, future deep radio observations would be valuable
to better constrain the radio spectral index of this likely
MSP.
3.4. Comparison to known pulsar population
Here we compare the X-ray and radio properties of
our new sources to those of known pulsars.
Figure 10 plots X-ray luminosity against photon in-
dex for our new discoveries and for known populations
of compact objects. It is clear that the X-ray lumi-
nosities and photon indices of our MSP candidates are
consistent with known spider MSPs. In particular, the
high X-ray luminosities and hard photon indices of Ter5-
VLA38 and Ter5-VLA34 make them excellent redback
candidates. In the case of Ter5-VLA38 this classifica-
tion is bolstered by its X-ray light curve and long (12.32
hr) orbital period.
For Ter5-VLA40, the lower X-ray luminosity and
poorly determined photon index makes its nature less
certain: it falls into an area of parameter space occu-
pied by both redbacks and black widows. The detection
of a pulsar (or an optical/IR companion) associated with
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Figure 10. X-ray luminosity (0.5–10 keV) vs. photon index for a selection of compact objects. Red squares represent known
redbacks (Linares 2014; Roberts et al. 2015; Salvetti et al. 2015; Halpern et al. 2017; Linares et al. 2017; Cho et al. 2018;
Linares 2018; Li et al. 2018; Al Noori et al. 2018; Swihart et al. 2018; Strader et al. 2019), blue triangles represent known
black widows (Lee et al. 2018), while black circles represent known, non-eclipsing MSPs in Terzan 5 (Bahramian et al. 2020)
and 47 Tuc (Bhattacharya et al. 2017). The magenta hexagons represent our candidate pulsars that have an X-ray counterpart
(Ter5-VLA34, Ter5-VLA38 and Ter5-VLA40); our candidate pulsars occupy a similar parameter space to other eclipsing MSPs.
Additionally, we also include the parameter space containing > 90% of quiescent stellar-mass black holes (from Plotkin et al.
2013; hatched blue region) and our candidate stellar-mass black hole (Ter5-VLA31; open black star) for comparison.
this sources may be necessary to improve this classifica-
tion.
All three sources also show strong evidence of variabil-
ity, which is a feature of field redbacks (Roberts et al.
2014; Hui et al. 2015) as well as the known redbacks
Ter5A and Ter5P in Terzan 5 (Table 3).
In Figure 6, we compared the associated fluxes de-
termined via timing and continuum analyses for each
source that is detected in both data sets. Two of our
new candidate pulsars, Ter5-VLA38 and Ter5-VLA40,
have radio flux densities higher than nearly half of the
pulsars previously detected by timing surveys, and the
third candidate (Ter5-VLA34) is only slightly fainter.
Thus, we would expect all of our candidate redbacks to
have been detected in previous timing searches. They
may have been missed (i) if they are redback or black
widow binary MSPs, where the radio pulses are eclipsed
for much or all of the orbit by material blown off the
companion star or; (ii) if they are in highly acceler-
ated binaries, e.g., short-period MSP–black hole bina-
ries that are difficult to find in standard acceleration
searches. The multi-wavelength data for Ter5-VLA34,
Ter5-VLA38, and Ter5-VLA40 are all more consistent
with explanation (i).
A confirmation of these classifications would require
either the detection of MSPs in these candidate binaries
or of optical/IR counterparts. The latter is challenging
due to the high foreground reddening toward Terzan 5
(E(B − V ) ∼ 2.4), though a variability study in the
near-IR could be beneficial. It may be that a reanalysis
of older pulsar timing data or new observations could
reveal MSPs in these binaries.
3.5. New stellar-mass black hole candidate
We have identified one accreting stellar-mass black
hole candidate: Ter5-VLA31. Ter5-VLA31 is dis-
tinguished from the candidate pulsars by its well-
determined, flat radio spectral index of α = −0.2± 0.2.
Its position within the core of Terzan 5 (r ≈ 2.′′4) sug-
gests it is very unlikely to be an unassociated back-
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Figure 11. Radio spectrum of the candidate stellar-mass
black hole candidate Ter5-VLA31. The symbols are as in
Figure 8. We identify this source as a candidate black hole
due to its flat spectral index (α = −0.2 ± 0.2), X-ray lu-
minosity and spectrum, and close proximity to the cluster
core.
ground source; in fact, Ter5-VLA31 is the only flat-
spectrum source within the cluster half-light radius
(43.′′2; Figure 5).
Ter5-VLA31 is detected at 3.4, 5.0 and 7.4GHz in
the 2012 quasi-simultaneous VLA observations (Figure
11). It is not detected in the 2012 2.6GHz image, but
our 3σ upper limit is consistent with the flux density
measurement at 3.4 GHz, and the 2.6GHz image has the
lowest resolution and hence is crowded at the location
of the source. Ter5-VLA31 is also detected at 3.2 GHz
in the 2014 image at an approximately equivalent flux
density. While we do not use this measurement in our
analysis below, these data lend general credence to the
existence and properties of this source.
One oddity found during our source characterization
is that the 5.0GHz counterpart appears to be offset (by
∼ 1.′′3), from the mean weighted position of the 3.2, 3.4
and 7.4GHz detections (the average 1σ positional uncer-
tainties for each measurement are of the order 0.′′1–0.′′2 in
both RA and Dec). While it is possible that the 5.0GHz
detection constitutes a different source, we think this is
unlikely because (i) we do not detect anything at the
location of the 5.0GHz source in any other radio fre-
quency or in X-rays, (ii) the flux density of the source
at 5.0 GHz is generally consistent with that expected
based on the lower and higher frequency data. As an-
other test, we also divided the 5.0 GHz data into five
epochs of equal duration, finding the source to be coin-
cident with the 3.2/3.4/7.4 GHz mean-weighted position
of Ter5-VLA31 in two of these sub-epochs. Overall, our
5.0 and 7.4 GHz data has relatively poor uv coverage,
and better high-resolution images would be valuable in
understanding this source. The current data are most
consistent with the idea that these flux densities all rep-
resent a single source, and we proceed on that basis.
An X-ray source is detected at the radio position of
Ter5-VLA31. The X-ray counterpart is consistent with
being moderately soft; when fit with a power-law, we
find a photon index of Γ = 2.1 ± 0.5. We measure
a time-averaged unabsorbed 0.5–10 keV luminosity of
L0.5−10 keV = (2.1± 0.5) × 1031 erg s−1 (L1−10 keV =(
1.6+0.4−0.3
)× 1031 erg s−1). In Figure 12, we compare the
X-ray and radio luminosities of Ter5-VLA31 with other
compact objects, keeping in mind that the radio/X-ray
relation for black hole X-ray binaries is poorly con-
strained at low luminosities. Ter5-VLA31 falls signifi-
cantly above the black hole correlation, implying that
it is radio bright for the measured X-ray luminosity,
though unsurprising as it was selected for its radio
brightness.
It is important to note that the black hole correla-
tion is constructed from simultaneous measurements,
and since we know quiescent LMXBs show short and
long-term variations in both their X-ray and radio fluxes
(e.g., Plotkin et al. 2019), in principle the lack of simul-
taneous measurements makes the interpretation more
challenging. However, Ter5-VLA31 does not show sig-
nificant X-ray variability over short or long timescales
(Bahramian et al. 2020).
While the current radio and X-ray properties of Ter5-
VLA31 are suggestive of an accreting stellar-mass black
hole, other scenarios may also be viable (see Strader
et al. 2012; Miller-Jones et al. 2015; Shishkovsky et al.
2018 for more comprehensive discussions on alternative
classifications for candidate stellar-mass black holes).
For instance, radio flares have been detected from ac-
creting white dwarfs (refer to Miller-Jones et al. 2015
for a detailed analysis of radio emission from white
dwarfs). However, this emission tends to be at least an
order of magnitude lower in luminosity than what we see
from Ter5-VLA31. Alternatively, the source could be
an accreting neutron star, though we would expect sev-
eral orders-of-magnitude higher X-ray luminosity for our
measured radio luminosity (Figure 12). We note two im-
portant caveats regarding this interpretation: firstly, X-
ray-bright accreting neutron stars are being discovered
at luminosities comparable to black holes (e.g., Gusin-
skaia et al. 2020; van den Eijnden et al. 2020), and; sec-
ondly, our X-ray and radio observations are not simul-
taneous, but we are instead relying on a time-averaged
(over ∼ 15 yr) X-ray luminosity. However, as mentioned
above, Ter5-VLA31 does not appear to be significantly
X-ray variable (Table 3). The lack of clear variability in
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Figure 12. Radio luminosity vs. X-ray luminosity of low-mass X-ray binaries and sources discussed in this paper. Black
circles represent quiescent/hard-state stellar-mass black holes (Tetarenko et al. 2016b). Red squares represent accreting neutron
stars from the compilation of Bahramian et al. (2018). The orange hexagon represents the Terzan 5 black hole candidate (Ter5-
VLA31), while the remaining colored hexagons represent other MAVERIC black hole candidates in globular clusters; M62-VLA1
(Chomiuk et al. 2013), 47Tuc-X9 (Miller-Jones et al. 2015), M10-VLA1 (Shishkovsky et al. 2018) and M22-VLA1 and M22-VLA2
(these sources largely overlap and thus are represented as a single point; Strader et al. 2012). In contrast, the red diamonds
represent the three candidate redbacks in Terzan 5, for which we do not find evidence of accretion: Ter5-VLA40, Ter5-VLA34
and Ter5-VLA38 (in ascending X-ray luminosity). Open markers indicate non-simultaneous X-ray and radio observations. The
dashed line shows the best-fit radio/X-ray correlation for low/hard state stellar-mass black holes (Gallo et al. 2014), with the
shaded region outlining the 1σ error.
the X-ray emission is also evidence against Ter5-VLA31
being a transitional MSP (sources that are also known
to produce flat-spectrum radio emission while in their
accretion-powered state; e.g., Deller et al. 2015). Ad-
ditionally, Ter5-VLA31 has an X-ray luminosity below
the typical range displayed by transitional MSPs in their
accreting states, 1032 − 1034 erg s−1 (de Martino et al.
2013; Papitto et al. 2013; Patruno et al. 2014). Overall,
a classification as a quiescent stellar-mass black hole best
fits the existing data, but simultaneous high-resolution
radio and X-ray observations could help constrain alter-
native scenarios.
3.6. Terzan 5 source 41: A likely background source
Ter5-VLA41 is located at the edge of the half-light
radius, 42′′ south-east of the cluster center. It is only
detected at 2.6GHz, so we can only place an upper limit
on the spectral index, α < 0.1. Additionally, it has
no X-ray counterpart, with an X-ray upper limit of .
1.2×1030 erg s−1. Because of this, and the fact that it is
located far from the core, we suggest Ter5-VLA41 to be
a low-probability compact binary candidate. As three
known MSPs in Terzan 5 have been discovered at least
as far from the center (Figure 7), the possibility that this
source is indeed a pulsar cannot be definitively ruled out,
though it is not all that faint and hence could in principle
have been detected in previous timing observations.
4. CONCLUSIONS
We have performed deep, high-resolution 2–8GHz
VLA observations centered on the Galactic globular
cluster Terzan 5. A total of 43 radio continuum sources
have been identified. Of these, 24 sources are likely asso-
ciated with the cluster, with the remainder as probable
background sources. Combining our radio data with a
comprehensive X-ray catalog, we have discovered:
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• Three new steep-spectrum radio sources (Ter5-
VLA34, Ter5-VLA38, and Ter5-VLA40) with vari-
able X-ray counterparts and best-fitting power-law
photon indices Γ = 1.3 − 1.5. For Ter5-VLA38
we find an X-ray orbital period of 12.32 hr and
a well-defined X-ray light curve with a double-
peaked maximum. The X-ray and radio properties
of Ter5-VLA38 and Ter5-VLA34 strongly suggest
they are redback MSPs; for Ter5-VLA40 the evi-
dence is consistent with either a redback or black
widow classification. The continuum flux densities
of these sources are well above many previously
discovered MSPs in Terzan 5, suggesting they were
missed due to radio eclipses.
• One flat-spectrum radio source close to the cen-
ter of Terzan 5, Ter5-VLA31. This object has
an X-ray counterpart with Γ = 2.1 ± 0.5 and
LX = (2.1 ± 0.5) × 1031 erg s−1. The X-ray and
radio properties of Ter5-VLA31 are more consis-
tent with that of quiescent stellar-mass black holes
than other classes of compact binary. Its position
on the radio/X-ray correlation for low-mass X-ray
binaries is near that of other globular cluster black
hole candidates.
• 17 radio continuum counterparts to MSPs previ-
ously discovered through rigorous single-dish tim-
ing surveys. Our continuum flux measurements
are in general agreement with previous pulsed flux
estimates. The 20 timed MSPs we did not de-
tect are likely below our continuum detection limit
(∼ 20µJy beam−1 at 3GHz; Figure 6)
The discovery of three new, relatively bright spider
MSPs highlights the ability of deep radio continuum
imaging to complement pulsar time-domain searches to
find unusual pulsar binaries. If the redbacks follow
a similar radio luminosity function to the underlying
MSPs, then new high-resolution radio data that can go
a factor of 2–3 deeper in sensitivity could be expected
to discover 4-10 more eclipsing MSPs. Higher angular
resolution could give an additional boost, as our main
low-frequency data were obtained in BnA configuration
rather than the most extended VLA A configuration.
Finally, data taken over several epochs could allow ra-
dio eclipses to be discovered, offering an alternative path
to confirming new redbacks.
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Table 2. Radio sources in Terzan 5.
# RA (ICRS) σRA Dec (ICRS) σDec Rad. Alt ID
a S2.6GHz S3.4GHz S5.0GHz S7.4GHz S9.0GHz S11.0GHz α
(h:m:s) (′′) (◦:′:′′) (′′) (′) (µJy) (µJy) (µJy) (µJy) (µJy) (µJy)
1 17:48:02.249 0.05 -24:46:37.65 0.10 0.60 Ter5A 698±7 307±4 95±3 33±3 <14 <13 −3.03+0.04−0.04
2 17:47:50.920 0.05 -24:44:51.09 0.10 3.68 327±7 265±5 223±5 190±8 236±21 −0.54+0.04−0.04
3 17:48:06.404 0.05 -24:45:04.94 0.10 1.70 287±6 224±4 174±4 102±3 105±5 92±6 −0.92+0.03−0.03
4 17:48:10.920 0.05 -24:45:40.27 0.10 1.75 192±6 210±4 231±4 189±3 102±6 113±6 −0.06+0.03−0.03
5 17:48:05.034 0.05 -24:46:41.29 0.10 0.07 Ter5P 224±7 167±4 44±4 <11 <14 <12 −2.28+0.07−0.08
6 17:47:55.642 0.05 -24:44:58.81 0.10 2.73 173±6 147±4 99±4 52±5 <29 <47 −1.03+0.06−0.06
7 17:48:04.534 0.05 -24:46:34.70 0.10 0.18 Ter5C 275±7 147±4 46±4 22±4 <14 <12 −2.56+0.08−0.09
8 17:48:09.898 0.05 -24:48:57.84 0.10 2.50 108±6 95±4 85±4 53±5 <30 <49 −0.58+0.08−0.08
9 17:48:05.102 0.05 -24:46:34.49 0.10 0.18 Ter5V 93±7 66±4 24±5 <11 <14 <12 −2.01+0.18−0.20
10 17:48:16.813 0.05 -24:46:41.82 0.10 2.72 60±6 74±4 67±4 54±5 88±10 <54 −0.19+0.10−0.10
11 17:47:53.156 0.05 -24:46:51.81 0.10 2.66 71±6 60±4 41±4 30±7 <30 <49 −0.85+0.16−0.17
12 17:47:57.134 0.06 -24:45:20.90 0.12 2.24 76±6 55±4 43±4 20±5 <22 <28 −1.04+0.16−0.16
13 17:48:08.883 0.16 -24:47:34.68 0.14 1.24 54±6 48±4 39±4 <12 <16 <17 −1.02+0.16−0.17
14 17:48:01.732 0.05 -24:46:28.09 0.10 0.76 41±7 46±4 43±3 34±3 41±4 24±4 −0.27+0.12−0.12
15 17:48:08.066 0.05 -24:46:01.15 0.10 1.03 21±7 45±4 27±4 21±4 <15 <14 −0.52+0.19−0.19
16 17:47:49.269 0.16 -24:46:19.62 0.14 3.56 38±6 39±5 <19 <34 −1.1+0.4−0.5
17 17:48:04.622 0.05 -24:46:40.77 0.10 0.08 Ter5M 58±7 37±4 21±4 <11 <14 <12 −1.8+0.3−0.3
18 17:48:04.957 0.05 -24:46:45.93 0.10 0.03 Ter5Z 66±7 37±4 <13 <11 <14 <12 −2.6+0.4−0.4
19 17:47:52.472 0.16 -24:48:58.47 0.14 3.59 38±7 33±5 26±7 <38 <69 −0.7+0.4−0.5
20 17:47:50.435 0.06 -24:46:34.66 0.12 3.28 39±6 33±5 22±6 <28 <51 <122 −0.9+0.4−0.5
21 17:48:17.922 0.16 -24:46:31.89 0.14 2.97 26±7 32±4 18±6 <23 <39 <78 −0.7+0.4−0.4
22 17:48:05.089 0.05 -24:46:45.11 0.10 0.05 Ter5Y 46±7 31±4 <13 <11 <14 <12 −2.2+0.5−0.5
23 17:48:08.549 0.16 -24:44:15.51 0.14 2.62 <19 30±4 <15 <18 <27 <40 −0.8+0.5−0.6
24 17:48:14.260 0.16 -24:46:51.09 0.14 2.14 38±6 30±4 20±5 33±5 <22 <29 −0.2+0.3−0.3
25 17:48:15.084 0.16 -24:47:47.33 0.14 2.55 35±6 30±4 23±5 <19 <29 <48 −0.9+0.4−0.4
26 17:48:04.870 0.05 -24:46:46.48 0.10 0.03 Ter5I <20 27±4 <13 <11 <14 <12 −1.2+0.5−0.6
27 17:48:04.914 0.05 -24:46:53.75 0.10 0.15 Ter5N 62±7 26±4 <13 <11 <14 <12 −3.0+0.5−0.3
28 17:48:03.411 0.16 -24:46:35.59 0.14 0.36 Ter5E 46±7 25±4 <13 <11 <14 <12 −2.5+0.6−0.6
29 17:48:05.087 0.16 -24:46:38.24 0.14 0.12 Ter5F 41±7 24±4 21±4 <11 <14 <12 −1.5+0.4−0.5
30 17:48:04.682 0.05 -24:46:51.27 0.10 0.12 Ter5O 53±7 23±4 23±4 14±4 <14 <12 −1.2+0.3−0.3
31b 17:48:05.015c 0.16 -24:46:43.87c 0.14 0.04 <20 22±4 32±3 14±4 <14 <12 −0.2+0.2−0.2
32 17:48:04.726 0.16 -24:46:35.88 0.14 0.15 Ter5L 30±7 20±4 <13 <11 <14 <12 −2.1+0.7−0.8
33 17:48:03.938 0.16 -24:46:47.75 0.14 0.21 Ter5K 24±7 18±4 <13 <11 <14 <12 −1.9+0.8−0.9
34d 17:48:04.677 0.16 -24:46:48.74 0.14 0.08 <20 16±4 <13 <11 <14 <12 −1.3+0.9−1.1
35 17:48:04.606 0.21 -24:46:42.53 0.23 0.07 CX1 50±7 <12 <13 <11 <14 <12 ≤ −1.51
36 17:48:04.789 0.21 -24:46:42.88 0.23 0.03 Ter5ab 53±7 <12 <13 <11 <14 <12 ≤ −1.69
37 17:48:10.324 0.16 -24:47:59.24 0.14 1.76 43±6 28±4 31±5 20±5 <20 <23 −0.6+0.2−0.3
38d 17:48:04.633 0.16 -24:46:46.01 0.14 0.05 38±7 16±4 <13 <11 <14 <12 −2.7+0.7−0.5
39 17:48:05.913 0.21 -24:46:05.83 0.23 0.69 Ter5D 37±7 <12 <13 <11 <14 <13 ≤ −0.66
40d 17:48:04.418 0.16 -24:46:48.78 0.14 0.12 36±7 15±4 <13 <11 <14 <12 −2.7+0.8−0.5
41 17:48:03.760 0.21 -24:47:23.61 0.23 0.70 31±7 <12 <13 <11 <15 <14 ≤ 0.08
42 17:48:05.225 0.07 -24:46:47.66 0.12 0.10 EXO 1745 <20 <12 <13 <11 99±4 95±4
43e 17:48:04.838 0.05 -24:46:42.59 0.10 0.03 Ter5W <20 <12 <13 <11 <14 <12
a Other ID for previously known sources. Pulsars Ter5A (Lyne et al. 1990; Nice et al. 2000) and Ter5P (Ransom et al. 2005; Hessels et al. 2006) are redbacks. Pulsar Ter5O
is a black widow system (Ransom et al. 2005; Hessels et al. 2006). Ter5 CX1 is a transitional MSP candidate (Bahramian et al. 2018). EXO 1745–248 is an outbursting
neutron star LMXB (Tetarenko et al. 2016a).
b Candidate stellar-mass black hole.
c This is the weighted mean position across all frequencies (see Sec 3.5). A more accurate position may be the average of the 3.2/3.4/7.4 GHz positions: (R.A., Dec.) =
(17:48:05.040, –24:46:43.45). The 5.0 GHz position is: (17:48:04.970, –24:46:44.05).
d Candidate redback MSP.
e This source is well-detected in the 2014 S band data at exactly the position of the pulsar Ter5 W. Hence we list it in the catalog, even though it is not detected in the
2012 S band data, probably due to confusion and its faintness.
Note—The astrometric, flux density, and spectral index uncertainties listed are 1σ (68%) quantities, except for the upper limits, which are given at the 3σ level.
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Table 3. X-ray counterparts to radio sources from Table 2.
# X-ray ID Alt ID Γ L0.5−10 keV Var significance
(1031 erg s−1) (%)
1 CXOU J174802.26-244637.5 Ter5A 1.5+2.1−2.0 0.05
+1.29
−0.05 >99.9
5 CXOU J174805.05-244641.0 Ter5P 1.0+0.1−0.1 43.8
+1.7
−1.6 >99.9
7 CXOU J174804.53-244634.7 Ter5C 1.5+2.0−2.0 0.02
+0.12
−0.01
9 CXOU J174805.10-244634.2 Ter5V 3.6+0.4−0.8 2.6
+3.1
−1.6
17 CXOU J174804.58-244640.5 Ter5M 4.0+0.0−0.1 19.7
+2.9
−2.7 >95.0
18 CXOU J174804.96-244645.7 Ter5Z 3.1+0.7−1.2 1.9
+2.7
−1.0
22 CXOU J174805.09-244644.5 Ter5Y 1.4+0.6−0.5 2.28
+0.53
−0.40 >95.0
26 CXOU J174804.87-244646.1 Ter5I 3.1+0.5−0.5 9.8
+7.4
−3.6 >99.9
27 CXOU J174804.91-244653.7 Ter5N 2.7+1.0−2.3 0.53
+2.13
−0.50
28 CXOU J174803.40-244635.4 Ter5E 1.5+2.1−2.0 0.02
+0.13
−0.01
29 CXOU J174805.11-244638.0 Ter5F 1.6+1.9−2.0 0.02
+0.17
−0.02
30 CXOU J174804.69-244651.1 Ter5O 1.2+0.5−0.5 2.3
+0.5
−0.4
31 CXOU J174805.05-244643.1 Ter5-VLA31 [2.1+0.5−0.5] [2.1
+0.5
−0.5]
32 CXOU J174804.75-244635.4 Ter5L 1.5+2.0−2.0 0.03
+0.19
−0.02
33 CXOU J174803.90-244647.7 Ter5K 1.3+2.2−1.9 0.02
+0.19
−0.02
34 CXOU J174804.69-244648.4 Ter5-VLA34 [1.5+0.2−0.2] [8.0
+0.8
−0.8] >99.9
35 CXOU J174804.58-244641.8 CX1 1.2+0.1−0.1 43.9
+1.9
−1.6 >99.9
36 CXOU J174804.75-244642.5 Ter5ab 3.9+0.1−0.1 10.2
+1.7
−1.8 >99.9
38 CXOU J174804.63-244645.2 Ter5-VLA38 [1.3+0.1−0.1] [25.5
+1.3
−1.3] >99.9
39 CXOU J174805.92-244605.6 Ter5D 1.1+2.3−1.8 0.01
+0.07
−0.01
40 CXOU J174804.47-244648.7 Ter5-VLA40 [1.3+1.0−0.7] [1.5
+0.9
−0.4] >99.0
42 CXOU J174805.23-244647.3 EXO1745 1.5+0.0−0.0 179
+3
−3 >99.9
Note—Values in square brackets indicate the refit parameters for the new sources (see Sec 2). All
remaining values are from Bahramian et al. (2020).
Uncertainties on X-ray luminosity and photon index are at the 90% level.
